This research proposes a system board of integrated antenna scheme of near-field communication (NFC) and dual band ultra-high frequency (UHF, 920-925 MHz)/2.45 GHz radio frequency identification (RFID) reader antennas for Internet of Things (IoT) applications. The integrated antenna scheme is capable of simultaneous execution of NFC and UHF RFID functions whereby the NFC and UHF RFID modules, which are serially connected to a microcontroller with Wi-Fi module (NodeMCU), read the universal identification (UID) of NFC and UHF RFID tags. The data are then forwarded to a cloud server via Internet of Things (IoT) and are viewable on smartphones using Blynk mobile application via IoT. To realize the optimal antenna design, simulations were carried out using CST Studio Suite. Prototype antennas were subsequently fabricated and integrated into the system board for IoT-linked near-and farfield communication. The simulation and measured results are in good agreement. The NFC reader antenna resonates at 13.56 MHz, and the dual band UHF/2.45 GHz RFID reader antenna achieves the 920-925 MHz and microwave (MW) bands with high isolation. The novelty of the proposed integrated NFC and UHF RFID antenna scheme lies in the use of cloud technology to store real-time and archival data, in place of traditional servers. The integrated antenna scheme could achieve the NFC, UHF, and MW frequency bands, rendering it ideal for IoT applications.
I. INTRODUCTION
Near field communication (NFC) is a short-range RFID-based wireless communication technology for data exchange via contactless data transmission at 13.56 MHz. Unlike RFID, NFC combines both contactless identification and interconnection technologies. NFC technology is thus widely adopted for contactless payment, access control, and diverse applications between electronic devices and smartphones.
Ultra-high frequency (UHF) and 2.45 GHz RFID technologies have been deployed in a multitude of applications because of their long-read range and high data transmission rates. To enjoy the best of both worlds, NFC and UHF/2.45 GHz RFID technologies could be integrated in The associate editor coordinating the review of this manuscript and approving it for publication was Mohamed Kheir . response to growth in new applications in the area of Internet of Things (IoT).
In [1] , the authors proposed a circularly polarized antenna and a two-turn coil for UHF-RFID reader and NFC applications. In [2] , the NFC square coil antenna was fabricated on the opposite side of the UHF RFID reader patch antenna for mobile phones. In [3] , the authors proposed NFC loop antenna with nonuniform meandering lines and partial coverage ferrite sheet for metal-cover smartphone applications. The e-textile wearable NFC antenna integrated with garments using embroidery techniques was proposed in [4] . The nearfield antennas for UHF RFID applications were designed and implemented in [5] - [8] .
The multipolarized reader antennas for UHF RFID nearfield applications were presented in [9] , [10] . In [11] , the authors proposed a printed dual-log-periodic dipole array antenna for UHF near-field RFID applications. In [12] , a load-integrated U-shaped near-field UHF RFID antenna array was proposed for a smart blood bag management system. In [13] , a broadband low far-field gain antenna was presented for UHF RFID near-field applications. In [14] , the elliptical antenna was designed for UHF wearable applications. A dual-band circularly polarized antenna was presented in [15] for UHF-RFID/WLAN applications.
In [16] , a compact 0.92/2.45 GHz dual-band directional circularly polarized (CP) microstrip antenna was proposed for handheld RFID reader applications. In [17] , a dual-band circularly polarized antenna was designed and implemented for UWB/UHF RFID applications. In [18] , the authors proposed a hybrid passive UHF/UWB RFID antenna for passive indoor identification and localization systems. In [19] , the integrated UWB-UHF antenna was designed using a single port for localization and energy harvesting. In [20] , the authors proposed the circularly polarized square microstrip antenna for 2.45 GHz RFID applications. In [21] , The square loop antenna with modified microstrip feed was designed and fabricated for near-and far-field RFID applications. In [22] , the dual-band RFID tag antenna was designed using a series Hilbert-curve loop and matched stub for HF and UHF applications.
In [23] , the authors proposed a planar compact multipleinput multiple-output (MIMO) antenna for IoT applications. The mutual coupling effect of the UHF RFID near-field tag antenna was presented in [24] for IoT environment. A compact 915 MHz antenna was fabricated and presented in [25] for future IoT wearable applications.
In [29] , [30] , the authors proposed antenna designs that utilize a simplified composite left/right-handed transmission line (SCRLH-TL) for ultrawideband (UWB) applications. In [31] , the authors proposed a leaky-wave antenna that is capable of manipulating beam directions of the radiation pattern. The antenna with three asymmetric fork-shaped radiators for multiband and broadband communication applications was presented in [32] . In [33] , a metamaterial electromagnetic bandgap structure was proposed to enhance isolation between transmit/receive radiating elements in densely packed array antennas of synthesis aperture radar (SAR) and multiple-input multiple-output (MIMO) systems. In [34] , a multiband antenna using periodic array of complementary artificial magnetic conductor metamaterial structure was proposed for broadband wireless transceivers.
In [35] , the authors proposed a metamaterial transmission line structure to enhance the gain and radiation efficiency of antennas for multiple wireless communication applications. In [36] , a leaky-wave antenna using metamaterial-based composite right/left-handed (CRLH) transmission lines was proposed for millimeter-wave applications. In [37] , a metamaterial electromagnetic bandgap structure inserted between two closely spaced patch antennas was developed for mutual coupling reduction. In [38] , the antennas based on metamaterial unit-cells were proposed for integration in UWB wireless communication systems and microwave portable devices. In [39] , a planar broadband antenna using two pairs of meander line loops was realized for portable wireless communication devices. In [40] , the authors proposed techniques to expand the impedance bandwidth of patch antennas for reliable multiband radio frequency (RF) communications.
The antennas are proposed in [1] - [22] for near-and farfield communication applications. However, the antennas in novel RFID system demand the integration of both nearand far-field operations into the same system. In addition, the antennas are designed and implemented in [23] - [25] for IoT applications. These antenna schemes do not utilize a node microcontroller unit and the mobile application on smartphone for IoT-linked near-and far-field communication.
This research proposes an integrated NFC and dual band UHF/2.45 GHz RFID reader antenna scheme for IoT applications. The integrated scheme utilizes a node microcontroller unit and the Blynk mobile app via smartphone. Simulations were carried out using CST Studio Suite, and prototype antennas were fabricated and integrated into the system board for near-and far-field communication via IoT. The integrated antenna scheme is proven ideal for IoT applications as it could achieve the NFC, UHF, and MW (2.45 GHz) frequency bands.
As shown in Fig. 1 , the operating principle of the proposed integrated NFC and UHF RFID system board involves three modes: initiation, tag recognition, and termination modes. In the initiation mode, a command is sent from a user's smartphone using Blynk mobile application (Blynk App) via coupled magnetic field by hovering the smartphone above the NFC antenna of the board system; and the system board verifies universal identification (UID) of the NFC tag embedded in the smartphone against data stored in the microcontroller with Wi-Fi module (NodeMCU).
In the tag recognition mode, the NFC module reads the information in the NFC tag via short-distance contactless data transmission, and the UHF RFID module reads the information in the UHF RFID tag using radio frequency electromagnetic field. The tag recognition mode concurrently executes the NFC and UHF RFID functions and transfers data to a cloud server (Blynk cloud server) via Internet of Things (IoT). To retrieve the data, the user sends a command to the cloud server via Blynk App and the cloud server will forward the command to the microcontroller. Upon receiving the command, the NFC and UHF RFID modules which are serially connected to the microcontroller read the UID of NFC and UHF RFID tags. The UID and corresponding data are then briefly retained in the internal memory of the microcontroller before forwarding to the cloud server via IoT. The data (both real-time and archival) are viewable on the smartphone using Blynk app via IoT.
In the termination mode, the user (i.e., one who initiates the system) sends another command via Blynk mobile application by hovering the smartphone above the NFC antenna to terminate the system.
II. EVOLUTION OF THE INTEGRATED ANTENNA SCHEME
A. NFC ANTENNA STRUCTURE Fig. 2 illustrates the initial NFC antenna of planar square spiral loops, operable at 13.56 MHz. The initial antenna has four turns with inner (D in ) and outer diameters (D out ) of 56 mm and 66 mm. The strip width (w) is 3 mm and the gap between strips (s) is 1 mm. The antenna is printed on an FR-4 substrate with a relative permittivity and loss tangent of 4.4 and 0.02. The overall dimension of the initial NFC antenna is 70 mm × 64 mm (W A × L A ).
To realize the impedance matching, the planar square spiral loops of the initial NFC antenna were redesigned. The modified NFC antenna is of planar square spiral loops with four turns and a feed line. Figs. 3(a)-(b) depict the geometry (front and rear) of the modified NFC antenna, and Fig. 3 (c) compares the simulated |S 11 | of the initial and modified NFC antennas, demonstrating that the modified NFC antenna achieves the impedance matching (|S 11 | < −10 dB) at 13.56 MHz. Table 1 tabulates the dimensions of the modified NFC antenna. In Fig. 4(b) , there are two resonance frequencies. The simulated impedance bandwidth (|S 11 | < −10 dB) of the first resonance covers 970 MHz -1GHz, while the second resonance fails to realize impedance matching at 2.45 GHz. Besides, the first resonance suffers from the resonant frequency mismatch as it falls outside of the target UHF RFID band. Therefore, the initial monopole antenna requires further refinement to realize the dual-band UHF and 2.45 GHz RFID bands.
To realize the dual-band frequencies with broad impedance bandwidth, a rectangular-shaped slot was etched into the radiating element, and the feed line was augmented with a meander line. The ground plane is on the rear of the FR-4 substrate. The overall dimension of the refined monopole antenna is 41 mm × 100 mm × 1.6 mm, as shown in Fig. 5(a) . Table 2 tabulates the dimensions of dual band UHF/2.45GHz RFID reader antenna.
In Fig. 5(b As the length of the feed line increases, the impedance matching approaches −10 dB or lower. In this research, the optimal feed line length of the modified NFC antenna is 60 mm. Fig. 6 (b) illustrates the simulated |S 11 | of the modified NFC antenna under variable ground strip lengths (24, 40 , and 60 mm). As the ground strip length increases, given the ground strip width of 13 mm, the impedance matching approaches −10 dB or lower. The optimal ground strip width and length of the NFC antenna are 13 mm and 60 mm. Fig. 6 (c) demonstrates the simulated |S 11 | of the NFC antenna under various capacitances of the capacitive lumped element (50, 100, and 150 pF). The capacitance of the capacitive lumped element affects the resonance frequency. As the capacitance increases from 50pF to 150pF, the resonance frequency is shifted leftward. The impedance bandwidths at 50 pF and 100pF fail to cover the target NFC frequency band. Thus, the optimal capacitance is 150 pF.
B. DUAL BAND UHF/2.45 GHz READER ANTENNA Fig. 7(a) illustrates the simulated |S 11 | of the refined monopole antenna under various meander turns (N = 0, 1, 2). The number of meander turns affects the resonance frequency and impedance bandwidth of the UHF and 2.45 bands. Under N = 0, the antenna suffers a resonant frequency mismatch at the UHF RFID band and fails to achieve impedance matching at the 2.45 GHz RFID band.
As the meander turn increases from 0 to 2, the lower and higher frequencies are shifted leftward, resulting in a decrease in impedance bandwidth. With one meander turn (N = 1), the UHF operating frequency range is 0.88-0.96 GHz (8.69%) and that of MW is 2.28-2.57 GHz (11.96%). With N = 2, the UHF operating frequency range is 0.83-0.90 GHz (7.47%) and that of MW is 2.25-2.41 GHz (7.08%). The number of meander turns and the bandwidth are inversely correlated. Specifically, the bandwidth decreases with increase in meander turn. In this research, the optimal meander turn of the refined monopole antenna is 1. With N = 1, the impedance bandwidths at 920 MHz and 2.45 GHz resonant frequency are −40.85 dB and −44.67 dB. frequencies of 2.44 GHz, 2.20 GHz, and 2.47 MHz. The results show that the first resonance is insensitive to the slot pattern, while the second resonance is noticeably affected by slot pattern. The optimal slot pattern is the rectangular pattern, achieving the impedance bandwidths of −40.85 dB at 920 MHz and −44.67 dB at 2.45 GHz. Fig. 7 (c) demonstrates the simulated |S 11 | of the monopole antenna under different slot widths (0, 8, 18 cm). The slot widths have an effect on the bandwidth, impedance bandwidth, and resonant frequency of the MW band. The slot widths are positively correlated with the bandwidth. Specifically, the MW bandwidth increases (9.83% to 11.96%) with increase in slot width. On the other hand, the impedance bandwidth shifts from −20.14 dB to −44.85 dB as the slot width increases. The results revealed that the impedance matching of UHF RFID frequency (920-925 MHz) is independent of slot widths. On the other hand, the impedance matching at the 2.45GHz band is significantly improved with increase in the slot width. Fig. 7(d) illustrates the simulated |S 11 | of the monopole antenna under variable ground strip lengths (7.5, 15.5, 30.5 mm), given the width of 41 mm. The ground strip length has an effect on the bandwidth, impedance bandwidth, and resonant frequency of the UHF and MW bands. With 30.5 mm ground stirp, the first resonance fails to cover the UHF band, and the second resonance (|S 11 |) is far above −10 dB. With 15.5 mm ground strip, the first resonance is shifted to a lower frequency and an impedance mismatch occurs at the second resonance. The antenna achieves the dual-band UHF/MW frequency as the ground strip length is reduced from 30.5 to 7.5 mm. The MW bandwidth increases from 7.88% to 11.96% as the ground strip length is shortened from 30.5 to 7.5 mm. The optimal ground strip length is 7.5 mm.
In essence, the resonant response of the refined monopole antenna (UHF/2.45GHz antenna) is governed by the meander turns, slot pattern, slot width, and ground plane dimension. The hardware consists of an NFC reader module, UHF reader module, organic light emitting diode (OLED) display, NFC antenna, dual band UHF/2.45 GHz antenna, and a microcontroller of ESP8266 chip with built-in Wi-Fi module (NodeMCU). The NodeMCU communicates and controls the NFC module, UHF module, and OLED display. The NFC and UHF modules are connected serially, and the display is connected to an inter-integrated circuit (I2C). The NFC reader module contains PN532 chip (Smartfly Technology) [26] and supports ISO/IEC 18000-3 standard. The UHF reader module is of AS3992 protocol (ElecKits Technologies) [27] and supports RFID EPC Gen2 and ISO18000-6C/6B standards.
IV. INTEGRATED NEAR AND FAR FIELD COMMUNICATION SYSTEM
An algorithmic scheme (the software) embedded in the microcontroller is used to control the OLED display, NFC module, and UHF module; and to interface with the mobile application on smartphone. Specifically, the mobile application is the Blynk app, which is a graphical user interface (GUI) compatible with both iOS and Android. The mobile app interacts with the cloud server, and instructions are transmitted via the internet to the system board.
B. IoT-LINKED NEAR AND FAR FIELD COMMUNICATION SYSTEM
In the operation, an NFC tag in a smartphone or a UHF tag embedded in a card is placed or hovered above the system board where universal identification (UID) data are read by the NFC or UHF module. The UID data are processed in the NodeMCU and transmitted to the cloud server using the Blynk mobile application. The Blynk app is capable of simultaneous execution of NFC and UHF RFID systems. The data stored in the cloud server are viewable on the mobile screen and can be graphically rendered (both archival and real time) using the Blynk app.
V. SIMULATED AND MEASURED RESULTS
A. NFC ANTENNA Fig. 9(a) presents the simulated input impedance of the NFC antenna. The real and imaginary input impedance indicate an input resistance and reactance of 93.67 Ohm and j2. 35 Ohm. The input reactance also exhibits an inductive behavior. In Fig. 9(b) , the simulation and measured results are agreeable, and the NFC antenna resonates at 13.56 MHz. Fig. 10 illustrates the magnetic field distribution of the NFC antenna, dividing into three distinct areas by intensity. The first area is on the left and right loops of the planar spiral VOLUME 7, 2019 coil ( Fig. 10(a) ). The second area is on the top and bottom loops of the spiral coil ( Fig. 10(b) ), and the final area is on the rear of the planar spiral coil, as shown in Fig. 10(c) . Fig. 10(d) demonstrates the simulated distribution of surface current along the planar square spiral loops and feed line of the NFC antenna at 13.56 MHz. The surface current is present on four loops of the planar spiral coil. The current flows from the feeding point along the feed line to the outermost and innermost loops through to the ground strip and the capacitive lumped element. The strong current along the edges of the loops induces magnetic fields in the near field region, and the current along the feed line through to the ground strip generates electric and magnetic fields in the far field region.
B. DUAL BAND UHF/2.45 GHz RFID READER ANTENNA Fig. 11(a) shows the simulated and measured |S 11 | of the dual band UHF/2.45GHz antenna. The simulated |S 11 |(< −10 dB) covers the UHF (880-960 MHz) and MW bands (2.28-2.57 GHz), with 8.69% and Fig. 11(b) . The simulated and measured |S 21 | of the UHF and 2.45 GHz RFID bands are in the range from −28 to −25 dB, thus satisfactorily achieving isolation between NFC and UHF/2.45 GHz RFID reader antenna ports [1] , [15] . Fig. 11(c) illustrates the simulated and measured antenna gains over the UHF (920-925 MHz) and MW (2.45 GHz) bands. The maximum simulated and measured gains are 4.37 and 3.97 dBi over the 2.45 GHz frequency band. The simulated radiation and total efficiency over the UHF band are 94.36% and 92.05%, and those of 2.45 GHz band are 94.85% and 94.81%.
Figs. 12 (a)-(b) illustrate the simulated surface current distribution of the dual band UHF/2.45GHz antenna using CST Microwave Studio Suite [28] at the lower (920 MHz) and higher frequency (2.45 GHz). In Fig. 12(a) , at the lower frequency, the current is noticeably strong along the feeding point, feeding line, and meander line, but dissipates as it travels along the lower edge of the loop radiator. The current then travels along the loop from left to right before arriving at the ground plane. In Fig. 12 (b) , at the higher frequency, the current is strong around the feeding point, meander line, and the upper edge of the ground plane, while the loop radiator exhibits moderate amounts of current. Fig. 13 illustrates the simulated and measured radiation patterns of the dual band UHF/2.45GHz antenna at 920 MHz (UHF band) and 2.45 GHz (MW band) along the xz and yz planes. The simulation and measurement results are in good agreement. The simulated and measured radiations in the xz and yz planes are near-omnidirectional for both frequencies.
The maximum simulated and measured cross polarizations (x-pol) are approximately −10 dB in the xz and yz planes. At the lower frequency, the co-polarization of the xz and yz planes are nearly symmetrical. However, at the higher frequency, the yz-plane cross polarization is disturbed.
A typical UHF RFID reader antenna is of circular polarization (CP). Nonetheless, to achieve consistent reading between the tag and the UHF module, the UHF RFID reader antenna of this research is deliberately designed to be linear polarized (LP). In addition, an antenna with directional radiation pattern is preferable for UHF RFID reader applications. Despite shorter reading ranges, the near-omnidirectional radiation pattern of this work can recognize UHF RFID tags in all directions due to its wide coverage.
C. READING RANGE OF IoT-LINKED INTEGRATED NFC AND UHF RFID SYSTEM
The reading test of NFC and UHF RFID reader antennas was undertaken using the system board prototype, as shown in Fig. 14. Due to the unavailability of 2.45 GHz RFID module, the reading experiments were confined to NFC and UHF RFID systems. Fig. 14(a) illustrates the reading experiment between the on-board NFC reader antenna and the NFC tag antenna embedded in the smartphone via the Blynk mobile app. In Fig. 14(b) , the NFC tag antenna is attached to a computer numerical control (CNC) machine in the xy plane for near-field measurement, and the reading performance between the tag and the on-board NFC reader antenna is determined.
In Fig 14(c) , the NFC tag-embedded smartphone is hovered over the on-board NFC reader antenna at variable distances: 1, 2, 3, and 4 cm. In addition, the NFC tag is motioned in 1 cm increment in all directions inside an 8 cm × 10 cm test area, comprising 80 grid cells (1 cm × 1 cm). Both the NFC reader antenna and the tag are initially at the center of the test area. Fig. 14(d) demonstrates the reading results on the smartphone display.
In UHF reading test, the integrated system board is placed on polyurethane (PU) foam block in xy plane with a height of 1 m from the ground, and a 860-960MHz UHF passive RFID tag card (Alien 9654 Inlay) is placed on another PU foam block directly opposite to the system board in an anechoic chamber ( Fig. 14(e) ). The distances between the board and the tag card were varied between 60, 120, 240, and 300 cm. The reading performance of the UHF RFID tag is inversely correlated to the distance. In other words, the reading performance decreases with increase in the distance. Table 4 compares between the proposed integrated NFC and dual-band UHF/2.45 GHz antennas and existing antennas of similar functionality. The comparison encompasses unreadable areas, respectively. The NFC reading performance worsens as the NFC tag is horizontally and vertically motioned away from the NFC reader antenna.
VI. CONCLUSION
This research proposed a system board of IoT-linked integrated antenna scheme of near-field communication (NFC) and dual band UHF (920-925 MHz)/2.45 GHz radio frequency identification (RFID) reader antennas. The integrated scheme utilizes a node microcontroller unit (Node-MCU) and the Blynk mobile app via IoT technology. In the antenna development, simulations were carried out using CST Studio Suite, and prototype antennas were fabricated and integrated into the system board for IoT-linked near-and far-field communication. The simulated |S 11 | of the integrated system board covers the UHF (880-960 MHz) and MW bands (2.28-2.57 GHz), with 8.69% and 11.96% bandwidth, and the measured |S 11 | covers the UHF (900-980 MHz) and MW bands (2.34-2.67 GHz), with 8.51% and 13.20% bandwidth. The NFC reader antenna resonates at 13.56 MHz, and the dual band UHF/2.45 GHz RFID reader antenna achieves the 920-925 MHz and MW bands with high isolation. The integrated antenna scheme satisfies the NFC, UHF, and MW frequency requirements, making it suitable for IoT applications.
